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Summary
Objective: Contrast agent enhanced computed tomography (CECT) may be used to detect depletion of superﬁcial proteoglycans in articular
cartilage. In principle, computed tomography can also be used to diagnose the state of subchondral bone. Because osteoarthritis affects both
cartilage and bone, we aimed to evaluate the feasibility of the CECT to simultaneously assess the state of these tissues. Further, we studied
the spatial variation of contrast agent content in the CECT, properties of subchondral bone and the mechanical stiffness of articular cartilage
across the bovine medial tibial plateau.
Methods: Osteochondral samples (n¼ 10) were prepared from fresh and visually intact bovine medial tibial plateaus. The dynamic mechanical
modulus of the samples was measured using an arthroscopic indentation device. Subsequently, the samples were scanned with a peripheral
quantitative computed tomography (pQCT) device prior to and after 35.5 h of immersion in an anionic iodinated contrast agent, (ioxaglate)
solution. The thickness of the cartilage was measured with ultrasound and pQCT.
Results: In the medial tibial plateau, the site-dependent variation in the dynamic modulus, thickness of the cartilage, thickness of the subchon-
dral plate and contrast agent content in the superﬁcial cartilage was statistically signiﬁcant (P< 0.01). The linear correlation between the su-
perﬁcial contrast agent content and the dynamic modulus was r¼0.80 (P< 0.01).
Discussion: The CECT enabled simultaneous analysis of the contrast agent penetration into cartilage, cartilage thickness and subchondral
bone density and thickness. The contrast agent content in cartilage depends on the composition and structure of the tissue. Thereby the
CECT also provided indirect information on the mechanical properties of the tissue, analogously to the dGEMRIC. Thus, the CECT may pro-
vide means to diagnose simultaneously the integrity of cartilage and subchondral bone in vivo.
ª 2009 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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Articular cartilage forms the connective tissue layer that
covers the ends of articulating bones. Healthy cartilage dis-
tributes the mechanical loads applied to articulating joints
and provides nearly frictionless surfaces1. The solid matrix
of articular cartilage consists mainly of type II collagen
and negatively charged proteoglycans (PG). Due to their
electronegativity, PGs repel each other and attract water,
which creates a swelling pressure that controls the com-
pressive properties of cartilage2. The collagen network bal-
ances the swelling tendency of cartilage and provides it with
good tensile and dynamic characteristics3.
Osteoarthritis (OA) is a severe joint disease character-
ized by disruption of the collagen network, depletion of
the PGs and impaired mechanical properties of cartilage4.
Contrast agent enhanced computed tomography (CECT),
an analogous technique to the delayed gadolinium en-
hanced magnetic resonance imaging of cartilage
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1583content of articular cartilage8. The quantiﬁcation is based
on the assumption that an anionic contrast agent diffuses
into the tissue and equilibrates inversely to the local,
depth-dependent PG content5. Thereby, the equilibrium
concentration of the contrast agent may provide a surrogate
marker for the integrity and mechanical properties of carti-
lage9. However, as suggested by earlier studies, the con-
trast agent distribution may also be affected by other
factors (e.g., water and collagen contents) than PGs or their
ﬁxed charge density (FCD)10,11. In vitro, the diffusion pro-
cess takes a long time and the equilibrium may not be
reached until over 21 h of immersion in the contrast agent
solution, depending on the thickness of the cartilage12,13.
Gadolinium-based contrast agents, e.g., gadopentetate,
gadobenate and gadoteridol, have usually one gadoli-
nium-atom per molecule. Gadolinium-based contrast
agents are widely used in magnetic resonance imaging
(MRI) studies, but are not very efﬁcient as X-ray contrast
agents. Iodine-based contrast agents often contain several
iodine atoms per molecule. For example, ioxaglate contains
six and iothalamate three iodine atoms per molecule. This
makes them more suitable as X-ray contrast agents, com-
pared to e.g., gadopentetate, as they provide much higher
X-ray absorption and, thus, image contrast. Both iodine-
and gadolinium-based contrast agents are available in dif-
ferent charges and molecular masses.
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crocomputed tomography method for monitoring the mor-
phological and compositional properties of cartilage in
small-animal models8. They used relatively high concentra-
tion (128 mM) of anionic iodinated contrast agent, and
stated that further dilution may reduce its sensitivity to the
FCD and hence to the PGs. However, in our earlier study
we compared feasibility of iodine- and gadolinium-based
contrast agents in detection of PG loss in cartilage and sug-
gested that 21 mM ioxaglate provides sufﬁcient contrast
with a clinical peripheral quantitative computed tomography
(pQCT) scanner12. In earlier studies the CECT has shown
good potential for detection of cartilage degeneration14.
CECT also enables assessment of the morphology and
thickness of cartilage, as well as tissue degeneration, in
small-animal joints15,16. Importantly, it has been reported
that spontaneous PG depletion in bovine17 and human13 ar-
ticular cartilage can be detected with CECT using a clinical
pQCT scanner.
The pQCT allows high-resolution in vivo imaging of
extremities like the wrist, ankle and knee. Moreover, it
may enable simultaneous measurement of cartilage and
subchondral bone. This is important as OA-induced
changes appear in both tissues4,18. The pQCT is tradition-
ally used to measure bone mineral density (BMD) and cor-
tical bone thickness in extremities. Thus, analysis of the
thickness and BMD of the subchondral plate are hypothe-
sized to be accurate from the CECT images.
In this study, we evaluate the feasibility of the CECT to
simultaneously assess the status of articular cartilage and
subchondral bone. Further, we attempt to use the CECT
to reveal impairment of mechanical properties of cartilage.
Earlier, Samosky et al. proposed that a topographical
dGEMRIC map could, due to the PG loss detected with
the technique, indirectly reveal softening of articular carti-
lage19. Speciﬁcally, we compare the site-dependent rela-
tionship between the near equilibrium partitioning of the
contrast agent and the indentation stiffness in bovine tibial
cartilage.Materials and methodsSAMPLE PREPARATIONOsteochondral samples (n¼ 10; Fig. 1) were prepared from visually intact
bovine (age 18 months) knees, obtained from a local slaughterhouse (Atria
Oyj, Kuopio, Finland), within 6 h postmortem. Rectangular medio-lateral
samples (width 30 mm, length 50 mm and height 20 mm) were cut from
the visually intact medial tibial plateaus with a band saw. During the prepa-
ration, the samples were kept moist with phosphate buffered saline (PBS).
The samples were stored in a freezer (20C) and thawed prior to the mea-
surements. During the experiments and storing, the samples were immersed
in PBS containing inhibitors of metalloproteinases, 5 mM ethylenediamineFig. 1. The anatomical locations of the indentation (circles) and
pQCT (dot line) measurements in the medial tibial plateau of bovine
knee. The edge of the meniscus is illustrated with a dash line.tetraacetic acid disodium salt (VWR International, Fontenay, France) and
5 mM benzamidine hydrochloride (SigmaeAldrich Inc., St. Louis, MO, USA).INDENTATIONThe dynamic indentation stiffness of the tibial cartilage was determined
with an arthroscopic indentation instrument (ArtScan 200, Helsinki, Finland)
optimized for the measurement of thin cartilage20,21. The diameter and length
of the indenter were 0.6 mm and 0.14 mm, respectively. The instrument is
described in more detail in our earlier publication22. The force experienced
by the indenter (cartilage stiffness) was recorded when the contact force of
the reference plate (pressing force) reached 5 N. The values of three
repeated measurements were averaged and the protocol was repeated
four times for each location (locations 1e4; Fig. 1). The ﬁnal value for carti-
lage stiffness was determined as the average of the four measurements. The
thickness of the cartilage (thcartUS) was estimated with an ultrasound system
(UltraPAC, Physical Acoustics Corporation, Princeton, NJ, USA) using a fo-
cused 30 MHz transducer (V327-SU, Olympus NDT Inc., MA, USA) in the
pulse-echo measurement geometry23. The dynamic modulus (E ) could be
calculated from the indentation measurements as the thickness of the carti-
lage was known24. After the indentation measurements, the samples were
cut into two halves in the medio-lateral direction. The samples were stored
in a freezer (20C) for further analyses. The ﬁrst half was stored for the
present contrast agent enhanced pQCT experiment and the other to be
analyzed in an another study.CONTRAST AGENT ENHANCED pQCTEach sample was ﬁrst scanned with a clinical pQCT device (XCT 2000,
Stratec Medizintechnik GmbH, Pforzheim, Germany) and then immersed in
500 ml of PBS. The PBS was supplemented with 21 mM of an anionic con-
trast agent (charge 1, mass 1269 g/mol) ioxaglate (Hexabrix, Mallinck-
rodt, St. Louis, MO, USA) and metalloproteinase inhibitors. The osmolarity
of the solution was adjusted to 310 mOsmol/l and pH to 7.4. After 35.5 h
of immersion in the room temperature the samples were removed from the
immersion solution and scanned again with the pQCT (Fig. 2). The solution
was gently stirred during the immersion.
The thickness of the pQCT slice was 2.3 mm and the in-plane pixel size
was 0.2 0.2 mm2. The X-ray tube voltage and current were 58 kVp and
175 mA, respectively. Five fully overlapping pQCT slices were scanned
from the center of the sample, without moving the sample, and averaged
to reduce noise in the images. The distance from the sample edges to the
pQCT slice was approximately 5 mm. This distance is greater than the thick-
ness of the cartilage (2.1 0.8 mm). Since the diffusion time is proportional
to the diffusion distance to the power of two25, the diffusion through the sam-
ple sides can be considered negligible compared to diffusion through the sur-
face. During the pQCT scans, full hydration of the samples was achieved by
sealing the sample in a plastic container with a PBS-soaked swab. The pres-
ent pQCT scanner quantiﬁes X-ray attenuation as BMD values. BMD values
of the pQCT images were converted to contrast agent concentrations byFig. 2. The samples were measured with a pQCT device before and
after the contrast agent immersion. Five fully overlapping pQCT
slices were scanned from the center of the sample and averaged
to reduce noise in the images. Full hydration of the samples was
achieved by sealing the sample in a plastic container with
a PBS-soaked swab.
Fig. 4. Normalized superﬁcial contrast agent concentration showed
1585Osteoarthritis and Cartilage Vol. 17, No. 12measuring a set of known contrast agent concentrations (11 concentrations
between 0.42 and 42 mM) in PBS17. The linear correlation between the con-
trast agent concentration and the BMD values was 1.00 and the calibration
equation was c¼ 0.054 BMD 3.182. To determine the contrast agent
partition in cartilage, the contrast agent concentration was normalized with
the concentration of the immersion solution. Following the protocol applied
in a previous study19, the contrast agent content in the samples was calcu-
lated for the three most superﬁcial pixels (600 mm, csurf) and for the full-thick-
ness cartilage (cfull). The edges of the samples were excluded and the rest
was divided into four sections, corresponding to the indentation sites
(Fig. 3). The thickness of the cartilage (thcartCT) at each location was deter-
mined from the pQCT images.
The mean BMD of the subchondral plate (BMDplate) was calculated from
the pQCT images. For each location, a 1 mm thick region of interest (ROI),
immediately below the cartilageebone boundary, was selected and aver-
aged. Thickness of the subchondral plate (thplate) was calculated from the im-
ages using local thresholding to separate the subchondral plate and
trabecular bone. The threshold level, 75% of the maximum BMD, could effec-
tively discern subchondral plate and trabecular bone. Same local threshold
criterion was applied to all analyzed areas. The BMD of the subchondral tra-
becular bone (BMDtrab) was calculated as the mean of a 10 mm thick ROI
immediately below the subchondral plate (Fig. 3).higher contrast agent intake in the lateral side of the medial tibial
plateau. The dynamic modulus decreased along with the increase
of the contrast agent intake.STATISTICAL ANALYSISThe data was analyzed with Matlab 7.4 (MathWorks Inc., Natick, MA,
USA). Normality of the data was tested with the ShapiroeWilk test. The
KruskaleWallis posthoc test was used for testing the signiﬁcance of the dif-
ferences between the measurement sites. Spearman’s rho was determined
to quantify the correlations between the parameters. SPSS 14.0 (SPSS Inc.,
Chicago, IL, USA) and Matlab 7.4 were used for the statistical analyses.Results
The CECT enabled simultaneous analysis of the contrast
agent penetration into the cartilage, the cartilage thickness,
BMD and thickness of the subchondral plate and BMD of
trabecular subchondral bone. The lateral (mid-knee) side
of the medial tibial plateau showed higher thickness of car-
tilage and subchondral plate, higher contrast agent intake
(P< 0.01) and lower values of the dynamic modulus
(P< 0.01) than the medial side of the tibial plateau
(Fig. 4, Tables IeII). The linear correlation between the con-
trast agent content in the superﬁcial cartilage and the dy-
namic modulus was signiﬁcant (r¼0.80, n¼ 40,
P< 0.001; Fig. 5). Further, the thicknesses of the cartilage
(r¼0.82, n¼ 40, P< 0.001) and subchondral plate
(r¼0.57, n¼ 40, P< 0.001) correlated signiﬁcantly with
the dynamic modulus of the cartilage. Moreover, the thick-
ness of the subchondral plate correlated with the thickness
of the cartilage (r¼ 0.50, n¼ 40, P< 0.001), the contrast
agent content in the superﬁcial cartilage (r¼ 0.54, n¼ 40,Fig. 3. A typical contrast agent distribution map and ROIs in the
bovine medial tibial plateau. The BMD values of the cartilage
were converted into the contrast agent concentrations. After dis-
carding the edges of the sample, the central region of the sample
was divided into four sections (1e4) that match the locations of
the dynamic indentation measurements. The mean BMD was
also calculated for the subchondral plate (blue) and trabecular
bone (green) at each location.P< 0.001) and the BMD of the subchondral plate
(r¼ 0.44, n¼ 40, P< 0.01). The correlation between the
cartilage thickness values, determined using ultrasound
and CECT, was r¼ 0.84 (P< 0.01) (Table III). The contrast
agent content in the full-thickness cartilage did not correlate
signiﬁcantly with any of the measured parameters. More-
over, the BMD of the subchondral plate did not vary signif-
icantly between the locations. Coefﬁcient of variation (CV)
for the repeated indentation measurements was 9.3%.Discussion
In the present study, for the ﬁrst time, simultaneous eval-
uation of the articular cartilage and subchondral bone, and
topographical agreement of the contrast agent content and
the dynamic indentation modulus were investigated with
a clinical pQCT instrument. The contrast agent intake into
the superﬁcial cartilage correlated signiﬁcantly with the
mechanical properties of the tissue. The pQCT also enabled
the determination of the thickness and BMD of the subchon-
dral plate and BMD of subchondral trabecular bone. Thus,
the CECT may provide a means to diagnose the integrity
of cartilage and enable simultaneous quantitative evaluation
of the status of the subchondral bone. This study focuses on
the superﬁcial cartilage as reaching the diffusion equilibrium
may take several days in thick cartilage26.
Only the superﬁcial, and not full thickness, contrast agent
content was found to correlate with the dynamic modulus of
the cartilage. This is in line with the earlier dGEMRIC study
by Samosky et al.19. The mechanical indenter produces
both tensile and compressive stresses in cartilage. The col-
lagen architecture dominates the tensile behavior while the
PG content is responsible of the compressive behavior27,28.
In the indentation geometry, properties of the superﬁcial tis-
sue control the mechanical response of the tissue29.
The BMD of the subchondral plate was found to vary in-
signiﬁcantly in the bovine tibial plateau. This is in line with
the current understanding that the mineralization of the cor-
tical bone tissue is rather independent of the skeletal loca-
tion. However, the BMD and thickness of the subchondral
plate exhibited a positive correlation.
Partial volume effect occurs when the volume element is
located at a boundary of tissues. For example, when the
voxel includes 50% of bone and 50% of bone marrow, the
Table I
The mean values ( standard deviation) of the measured mechanical and pQCT parameters for the samples. See Table II for the statistical
differences
Location 1 2 3 4
E (MPa) 4.2 0.7 8.2 3.1 21.5 4.1 23.7 2.5
csurf (%) 60.2 4.0 56.6 4.3 50.0 3.4 49.1 2.8
cfull (%) 49.7 2.1 48.6 2.8 47.3 1.9 48.3 2.6
thcartCT (mm) 2.8 0.5 2.2 0.4 1.3 0.3 0.9 0.2
thcartUS (mm) 3.1 0.4 2.4 0.6 1.6 0.5 1.3 0.3
thplate (mm) 3.4 1.2 3.7 1.5 2.8 0.9 1.3 0.5
BMDplate (g/cm
3) 870 53 882 49 883 58 820 87
BMDtrab (g/cm
3) 483 42 534 59 536 47 457 36
E, dynamic modulus; csurf, contrast agent content at the surface of the cartilage; cfull, contrast agent content in the full-thickness cartilage;
thcartCT, thickness of the cartilage, calculated from the CECT images; thcartUS, thickness of the cartilage, measured with ultrasound; thplate,
thickness of the subchondral plate; BMDplate, BMD of the subchondral plate and BMDtrab, BMD of the subchondral trabecular bone.
1586 A. S. Aula et al.: CECT of cartilage and subchondral bonevalue of the voxel is in the mean value of those two tissues.
Obviously, the partial volume effect is more severe with
larger voxel sizes. Because the partial volume pixels were
discarded, the pQCT systematically underestimated the
thickness of the cartilage and subchondral plate.
The thickness of the subchondral plate had a weak but
statistically signiﬁcant correlation with the BMD of the tra-
becular bone and the subchondral plate. Both BMD values
were found to be independent of the properties of cartilage.
The thickness of the subchondral plate at the most medial
location, however, was signiﬁcantly lower than that of the
other three locations. Furthermore, the thickness of the sub-
chondral plate was related to the dynamic modulus, super-
ﬁcial contrast agent content and thickness of the cartilage.
This may be explained by the functional tissue adaptation
to prevailing loading conditions in the joint. In the lateral
side of the medial tibial plateau (site 1) cartilage was thick
and soft, and the contrast agent penetration was high in
the superﬁcial cartilage. Also, the subchondral plate was
thick. As this anatomical site is not covered by the menis-
cus, its mechanical load differs from the load of the medial
tibial plateau. This difference in loading probably explains
the detected topographical variation in the properties of car-
tilage and subchondral bone.
In order to determine dynamic modulus from the indenta-
tion measurements, thickness of the cartilage at the inden-
tation site must be known24. Ultrasound was applied toTable II
Statistical differences in the measured mechanical and pQCT
parameters among the anatomical locations. Dynamic modulus, su-
perficial contrast agent concentration and thickness of the cartilage
showed statistically significant spatial variation. Most parameters of
the bone at the medial location4 were statistically different from the
other locations
Locations 1e2 1e3 1e4 2e3 2e4 3e4
E e ** ** e ** e
csurf e ** ** e * e
cfull e e e e e e
thcartCT e ** ** e ** e
thplate e e ** e ** **
BMDplate e e e e e e
BMDtrab e e e e ** **
E, dynamic modulus; csurf, contrast agent content at the surface
of the cartilage; cfull, contrast agent content in the full-thickness car-
tilage; thcartCT, thickness of the cartilage, calculated from the CECT
images; thplate, thickness of the subchondral plate; BMDplate, BMD
of the subchondral plate and BMDtrab¼ BMD of the subchondral
trabecular bone. *P< 0.05, **P< 0.01.obtain the thickness information exactly at the actual inden-
tation site. It has been reported in our earlier publications,
that ultrasound provides feasible tool for measurement of
cartilage thickness at an indentation location23,30. In con-
trast, since the present pQCT scanner provides rather large
in-plane pixel size (200 200 mm2) and high minimum slice
thickness (2.3 mm), the partial volume artifact was signiﬁ-
cant and the voxels at the surface and cartilageebone inter-
face had to be discarded. Evidently, this leads to
underestimation of the cartilage thickness. For this reason
the ultrasound was selected as the reference thickness
measurement technique.
Contrast agent enhanced pQCT is a minimally invasive
method. The effective radiation dose of one pQCT cross-
section is less than 2 mSv. However, the contrast agent
has to be injected into the subject, probably intra-articularly
to obtain high enough contrast agent concentration. The re-
lated risks, for example infection, should be acceptable if
the method provides a cheap and straightforward means
to assess the status of articular cartilage in vivo.
The osmolarity of the injectable solution should be at the
level of physiological saline. If the solution is hypertonic, i.e.,
at the level or above the osmolality of the cartilage
(350e450 mOsmol/kg31), the osmotic swelling pressure of
the tissue diminishes and the cartilage shrinks and
softens32. Further, loading of the softened cartilage, even
by means of e.g., kneeling, may cause cell death and dis-
ruption of the cartilage matrix33. In the present study, this
was taken into account as the osmolarity of the immersion
solution was adjusted to 310 mOsmol/l.Fig. 5. A signiﬁcant linear correlation (r¼0.80, n¼ 40) was dem-
onstrated between the dynamic modulus and normalized superﬁcial
contrast agent content.
Table III
The linear correlations between the measured mechanical and pQCT parameters. The contrast agent content in the superficial cartilage, i.e.,
the first 600 mm, correlated significantly with the dynamic modulus of cartilage. The thickness of the subchondral plate correlated significantly
with the superficial contrast agent content, dynamic modulus and thickness of the cartilage
csurf cfull thcartCT thplate BMDplate BMDtrab
E 0.80** 0.26 0.82** 0.57** 0.26 0.02
csurf e 0.62** 0.69** 0.54** 0.16 0.14
cfull e e 0.11 0.19 0.08 0.02
thcartCT e e e 0.50** 0.15 0.09
thplate e e e e 0.44** 0.60**
BMDplate e e e e e 0.25
E, dynamic modulus; csurf, contrast agent content at the surface of the cartilage; cfull, contrast agent content in the full-thickness cartilage;
thcartCT, thickness of the cartilage, calculated from the CECT images; thplate, thickness of the subchondral plate; BMDplate, BMD of the sub-
chondral plate and BMDtrab, BMD of the subchondral trabecular bone. **P< 0.01.
1587Osteoarthritis and Cartilage Vol. 17, No. 12According to Fick’s laws of diffusion, the time to reach the
diffusion equilibrium depends on the thickness of the carti-
lage25. Earlier results suggest that even more than 24 h
may be needed to obtain true equilibrium of the contrast
agent accumulation in bovine cartilage17. In the present
samples, the thickness of the cartilage varied from 0.8 to
3.6 mm in different anatomical sites. Consequently, a long
diffusion time (35.5 h) was chosen to enable the diffusion
equilibrium at all locations. The immersion time used in
the present study is obviously not applicable for clinical
studies. In clinical dGEMRIC studies, 0.5e7 h delay has
been used between the contrast agent administration and
MRI scan34e36, which suggests that the dynamic, physio-
logical equilibrium may be achieved in a relatively short
time. However, it must be noted that the physiological equi-
librium is not equal to the diffusion equilibrium and, thus,
does not enable calculation of the FCD in the cartilage.
Equilibrium partitioning of the contrast agent is assumed
to depend on the FCD of the tissue according to the
GibbseDonnan equilibrium. Therefore, collagen has
a smaller effect on the equilibrium partitioning. However,
as it is a signiﬁcant contributor to solid content of the tissue,
it may affect the diffusion rate. Possibly, the measurement
of spatial contrast agent diffusion rate could enable evalua-
tion of the spatial solid content and even the properties of
the collagen network. Quantiﬁcation of the diffusion rate in
cartilage may provide a feasible means to apply this tech-
nique in vivo as solutes have been reported to diffuse faster
into degenerated cartilage10,37.
Even though gadopentetate and ioxaglate have showed
promising results, smaller contrast agent molecules may
prove to be clinically more feasible due to signiﬁcantly faster
diffusion into cartilage26. According to recent studies,
dynamic loading of the cartilage also increases the rate of
diffusion and may lead to diffusion equilibrium in physiolog-
ically reasonable times38,39. Although further studies are
needed to verify the in vivo feasibility of CECT of articular
cartilage, it is tempting to think that CECT could provide
a cheap and minimally invasive means to simultaneously
assess the integrity of articular cartilage and subchondral
bone in patients with a suspected joint disease.
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